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We consider the azimuthal correlations of charged hadron pairs with large total transverse mo-
mentum and small relative momentum, produced in proton-proton collisions with one transversely
polarized proton. One of these correlations directly probes the chiral-odd transversity parton distri-
bution in connection with a chiral-odd interference fragmentation function. We present predictions
for this observable based on previous extractions of transversity (from charged pion pair production
in semi-inclusive deep-inelastic scattering) and of the interference fragmentation function (from the
production of back-to-back charged pion pairs in electron-positron annihilations). All analyses are
performed in the framework of collinear factorization. We compare our predictions to the recent
data on proton-proton collisions released by the STAR collaboration at RHIC, and we find them rea-
sonably compatible. This comparison confirms for the first time the predicted role of transversity
in proton-proton collisions and it allows to test its universality.
PACS numbers: 13.85.Ni, 13.88.+e, 13.87.Fh
Parton distribution functions (PDFs) describe combi-
nations of number densities of quarks and gluons in a
fast-moving hadron. If the parton transverse momentum
is integrated over (collinear framework), the parton struc-
ture of spin- 12 hadrons (like the nucleon) is described at
first order in terms of only three PDFs: the unpolarized
distribution f1, the longitudinally polarized (helicity) dis-
tribution g1, and the transversely polarized (transversity)
distribution h1. The h1 is the least known PDF because
it is characterized by a parton chirality flip; i.e., it is a
chiral-odd function. Transversity occurs only in observ-
ables where it is paired to a chiral-odd partner. Hence,
it can be measured only in processes with two hadrons
in the initial state (e.g., proton-proton collisions) or one
hadron in the initial state and at least one hadron in
the final state (e.g., semi-inclusive deep-inelastic scatter-
ing – SIDIS). Transversity vanishes for gluons inside the
nucleon. Contrary to helicity, under evolution it scales
like a pure non-singlet function. Its first Mellin moment,
the nucleon tensor charge, belongs to the group of nu-
cleon charges (mostly known only on lattice) that could
put constraints on the search of new physics mechanisms
beyond the Standard Model [1–3].
In this paper, we expose the direct effect of transver-
sity on the distribution of final hadron pairs produced in
proton-proton collisions with one transversely polarized
proton. We calculate for the first time the corresponding
transverse spin asymmetry and we compare our predic-
tions with recent STAR data for the case of detected final
(pi+pi−) pairs at center-of-mass (c.m.) energy
√
s = 200
GeV [4]. When the two hadrons are produced with low
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relative momentum, the asymmetry is proportional to a
convolution containing the transversity distribution h1
and its chiral-odd partner denoted H^1 [5]. The H
^
1
is a specific polarized di-hadron fragmentation function
(DiFF) that describes the distortion of the azimuthal dis-
tribution of the final hadron pair when the fragmenting
parton is transversely polarized [6].
The transversity h1 and the DiFF H
^
1 were extracted
by fitting data for the semi-inclusive production of
(pi+pi−) pairs in SIDIS and in e+e− annihilations. The
cross section for SIDIS at leading twist contains a term
which is proportional to the product of h1 and H
^
1 [7–
9]. The same H^1 appears also in the leading-twist cross
section for the semi-inclusive back-to-back emission of
two hadron pairs from e+e− annihilations [10, 11]. The
H^1 was parametrized [12] using the e
+e− data from the
BELLE collaboration [13]. The transversity valence com-
ponents huv1 and h
dv
1 were extracted [14, 15] from the
SIDIS data of the HERMES [16] and COMPASS [17] collabo-
rations. The analysis has been recently updated [18] by
enclosing the latest and more precise COMPASS data for a
transversely polarized proton target [19].
There is a general consistency (at least, in the kine-
matical range where there are SIDIS data) between the
transversity extracted with the above strategy and the
one extracted via the Collins effect in single-hadron
SIDIS [20, 21] (see also Ref. [22]). However, the anal-
ysis of the latter case requires a formalism with an ex-
plicit dependence on the parton intrinsic momentum,
the so-called TMD factorization framework. The TMD
framework cannot be applied to single hadron production
in hadronic collisions since there are explicit counter-
examples showing that TMD factorization is broken in
this case [23]. On the contrary, the case of di-hadron
production can be analyzed using a collinear factoriza-
tion framework, which can be applied also in hadronic
collisions. This allows us to study transversity in a pro-
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of the nucleon tensor charge  q =
R 1
0
dx(hq1(x)   hq¯1(x))
will directly test our theory of quantum chromodynam-
ics (QCD) when compared to calculations on the lat-
tice or model calculations [2–11]. h1 becomes acces-
sible in physics observables when it is coupled with an
additional chiral-odd partner, e.g. a transverse spin-
dependent fragmentation process. This second part has
to be measured independently in order to extract h1.
Our current knowledge of h1 [2, 4] is based on fixed-
target semi-inclusive deep inelastic lepton-nucleon scat-
tering (SIDIS) [12–16] in combination with data from
electron-positron annihilation [17, 18]. Proton-proton
collisions allow us to reach into the dominant valence
quark region, but the framework of perturbative QCD
introduces complications when the intrinsic transverse
momentum from the hadronization process has to be
considered [19]. It has been shown that di-hadron cor-
relations in the final state persist when integrated over
intrinsic transverse momenta. This so-called Interfer-
ence Fragmentation Function (IFF), H^1 , can therefore
be described collinearly [20]. Therefore the contributions
to the cross section can be factorized [21] and the IFF
should be universal between electron-positron annihila-
tion, SIDIS, and proton-proton scattering.
We present measurements of charged pion correlations
from the STAR experiment at the Relativistic Heavy
Ion Collider (RHIC) at a center-of-mass energy
p
s =
200 GeV. The data, the first measurement of transver-
sity in polarized proton collisions, show non-zero hq1(x)
at 0.15 < x < 0.30. In this range, transversity is not well
constrained by previous SIDIS measurements and our re-
sult will be particularly important to restrict the d-quark
transversity which is charge suppressed in lepton-proton
scattering.
RHIC, located at Brookhaven National Laboratory,
collides bunched beams of heavy ions as well as polar-
ized protons. The stable beam polarization orientation
is transverse to the collider plane and the polarization
direction alternates between subsequent bunches or pairs
thereof (polarization up " or down #). The bunch po-
larization pattern is changed from fill to fill in order to
reduce systematic e↵ects. While typically both beams
are polarized, a single-spin measurement is achieved by
summing over the bunches in one beam, e↵ectively re-
ducing its polarization to near zero. The polarization of
each beam is measured by polarimeters using the elastic
scattering of protons on very thin carbon targets, several
times during a RHIC fill. The polarimeter are calibrated
using a polarized hydrogen gas jet target [22]. We report
results from the RHIC run in 2006 with an integrated
luminosity of 1.8 pb 1 and an average beam polarization
of about 60%.
The STAR experiment is located at one of the colli-
sion points in RHIC. This analysis is based on data in
the central pseudorapidity range  1 < ⌘ < 1. Data are
collected by the Time Projection Chamber (TPC) pro-
viding tracking and charged pion identification [23] and
by the Barrel Electromagnetic Calorimeter (BEMC), a
lead scintillator sampling calorimeter [24]. Data from a
pair of scintillator-based beam-beam counters (BBC) at
forward rapidities 3.3 < |⌘| < 5.0 in combination with
the BEMC provides a trigger for hard QCD events [25].
The trigger requires a coincidence between the BBCs and
either a minimum transverse energy, ET > 5 GeV in a
single BEMC tower or one of several jet patch triggers in
  ⇥ ⌘ = 1.0⇥ 1.0 (ET > 4.0 or 7.8 GeV).
Charged pion pairs are selected by requiring tracks
that originate within ±60 cm in the longitudinal direc-
tion and 1 cm in the transverse direction from the nomi-
nal interaction vertex and that are required to point into
the central region. Tracks are required to have a min-
imum transverse momentum pT of 1.5 GeV/c. Using
dE/dx measurements in the TPC to select pions, a pu-
rity of the single pion sample of greater than 95% over
the whole kinematic range is achieved. All pion pairs in
an event are considered where the pions are close enough
in (⌘, ) space to originate from the fragmentation of the
same parton. The default value of this opening angle
cut is
p
(⌘⇡1   ⌘⇡2)2 + ( ⇡1    ⇡2)2 < 0.3. Pion pairs
produced in the weak decay of the K0 meson are not ex-
pected to contribute to the asymmetry, therefore the cor-
responding mass range (497.6 ± 10 MeV) was excluded
from the analysis.
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FIG. 1. Azimuthal angle defintions in the dihadron system. ~sa
is the direction of the spin of the polarized proton, ~ph,{1,2} are
the momenta of the positive and negative pion, respectively
and  R is the angle between the production and dihadron
plane.
The transversely polarized cross-section of hadron
pairs in p" + p collisions can be written similar to [26]:
d UT / sin( RS)
Z
dxadxbf1(xa)h1(xb)
d  ˆ
dtˆ
H^1,q(z,M).
(1)
pA
SBT
 P
R
  pB
p1
p2
FIG. 1. Kinematics for the collision of a proton with momen-
tum pA and a tranversely polarized proton with momentum
pB and spin vector SBT . The final state is represented by
the inclusive production of two hadrons with total and rel-
ative momenta P = p1 + p2 and R = p1 − p2, forming a
plane oriented with the azimuthal angle φR with respect to
the reaction plane formed by pA and P .
cess different from SIDIS and explore its universality.
In the following, we take our parametrizations of h1
and H^1 , obtained by fitting SIDIS and e
+e− data, and
we compute the relevant transverse spin azimuthal asym-
metry for semi-inclusive (pi+pi−) production in proton-
proton collisions. Then, we compare our predictions with
the STAR data. In spite of some limitations in our es-
timate (in particular, we include only valence quarks
because these are the only components of transversity
that can be extracted from the current fixed-target SIDIS
data), we obtain a reasonable agreement with experimen-
tal measurements. This is an important achievement be-
cause it gives us confidence in the reliability of the frame-
work and opens a unique opportunity to use hadronic
collisions data for the extraction of transversity based on
the di-hadron collinear mechanism.
We consider the process pA+p
↑
B → (h1 h2) +X where
a proton with momentum pA collides with a transversely
polarized proton pB with spin vector SB , and two unpo-
larized hadrons h1 and h2 (with momenta p1 and p2 and
masses M1 and M2, respectively) are inclusively detected
inside the same jet. We define the pair total momentum
P = p1 + p2 and relative momentum R = (p1 − p2)/2;
the pair invariant mass is M2h = P
2. Since we work in a
collinear framework, we integrate over the intrinsic trans-
verse components of P with respect to the jet axis. The
components of P perpendicular to the beam (defined by
pA) are indicated by PT . We identify the reaction plane
as the plane formed by pA and P . All azimuthal an-
gles are measured with respect to this plane (see Fig. 1
and Ref. [5] for a formal definition). The most relevant
angles are φS , the azimuthal angle of the polarization
vector SB , and φR, which describes the azimuthal orien-
tation around P of the plane containing the hadron pair
momenta p1 and p2 (see Fig. 1). The modulus |PT | is
the hard scale of the process. Hence, we assume that
|PT |  Mh,M1,M2, and we perform our analysis at
leading order in 1/|PT |. The differential cross section
reads [5]
dσ
dη d|PT |dMhdφRdφS
= dσ0 (1 + sin(φS − φR)AUT ) ,
(1)
where dσ0 is the unpolarized cross section
dσ0
dη d|PT | dMh = 2 |PT |
∑
a,b,c,d
∫
dxa dxb
4pi2z¯
× fa1 (xa) f b1(xb)
dσˆab→cd
dtˆ
Dc1(z¯,Mh) , (2)
and the transverse spin asymmetry AUT is given by
AUT (η, |PT |, Mh) =
|SBT | 2 |PT |
dσ0
|RT |
Mh
∑
a,b,c,d
∫
dxa dxb
16piz¯
× fa1 (xa)hb1(xb)
d∆σˆab↑→c↑d
dtˆ
H^c1 (z¯,Mh) . (3)
The pseudorapidity η of the hadron pair is defined
with respect to the beam momentum pA. Hence, for-
ward transversely polarized particles are associated to
negative pseudorapidities. Experimental data have been
presented with the opposite choice [4]. In Eq. (2), the
elementary cross section dσˆ describes the annihilation of
partons a and b (carrying fractional momenta xa and xb,
respectively) into the partons c and d. The inclusive de-
cay of parton c into the detected hadron pair is described
by the unpolarized DiFF Dc1, that depends on the par-
ton fractional energy z carried by the hadron pair and
on the invariant mass Mh of the pair itself. Similarly, in
Eq. (3) the cross section d∆σˆ describes the transfer of
polarization in the elementary annihilation when parton
b↑ is transversely polarized. As previously mentioned,
the inclusive fragmentation of the transversely polarized
parton c↑ is described by H^c1 . From both SIDIS and
e+e− data a specific component of H^1 is extracted that
corresponds to the (pi+pi−) pair being produced in a state
with mismatch in relative orbital angular momentum
|∆L| = 1, i.e. it corresponds to the interference between
the amplitudes for the decay into a pair with relative s
wave or p wave [9]. Accordingly, this component is usu-
ally named interference fragmentation function (IFF) [7].
Since in this context there is no ambiguity, in the follow-
ing we will keep denoting it as H^1 .
In the above equations, the sum runs upon all possible
combinations of parton flavors; the corresponding (po-
larized) elementary cross sections are listed in the Ap-
pendix of Ref. [5]. Both dσˆ and d∆σˆ are differential in
tˆ = txa/z¯, where t = (pA− pB)2 and z¯ is the value taken
3by z because of momentum conservation at the partonic
level [5]:
z¯ =
|PT |√
s
xae
−η + xbeη
xaxb
, (4)
with s = (pA+pB)
2. Finally, in Eq. (3) |RT | = |R| sin θ,
where θ is the angle between the back-to-back emission
direction in the c.m. of the hadron pair and P in the
reaction plane [9]. In the following, sin θ will be replaced
by the average experimental value in each corresponding
bin. The modulus |R| is related to the pair invariant
mass through [5, 9]
|R|
Mh
=
1
2
√
1− 2M
2
1 +M
2
2
M2h
+
(M21 −M22 )2
M4h
. (5)
Evidence for the transverse spin asymmetry AUT of
Eq. (3) has been recently reported by the STAR collab-
oration for the process p + p↑ → (pi+pi−) + X at the
c.m. energy
√
s = 200 GeV [4]. If the final hadron pair
is represented by charged pions (pi+pi−), then the above
formulas simplify because isospin symmetry and charge
conjugation induce specific symmetry relations among
the various flavor components of DiFFs [14, 15, 18, 24].
In the following, we compare the experimental results
with our predictions for AUT . We compute them in
two steps. First, we replace in Eq. (3) the DiFFs with
those ones used to fit the BELLE data on the azimuthal
asymmetry of the pion pair distribution in the process
e+ + e− → (pi+pi−)jet1 + (pi+pi−)jet2 +X [12]. Note that
the BELLE data do not allow to extract parametrizations
of Dg1 : the gluon contribution is generated only by the
effect of QCD evolution. The second step consists in re-
placing the PDFs with those ones used to fit the HERMES
and COMPASS data on the SIDIS transverse spin asymme-
try in e + p↑ → e′ + (pi+pi−) + X [18]. Specifically, we
consider the parametric expressions at Q20 = 1 GeV
2 of
all replicas of DiFFs and transversity that fit the e+e−
and SIDIS data, and we evolve each replica to the STAR
|PT | scales by computing its DGLAP evolution equa-
tions at leading order [25], using the HOPPET code [26]
suitably extended to include chiral-odd splitting func-
tions. The replica method was systematically applied
to the statistical error analysis in the extraction of both
DiFFs and transversity. Moreover, we tested different
starting expressions for hqv1 (x,Q
2
0) and two different val-
ues of αs(M
2
Z) in the evolution code, in order to account
for the uncertainties in the determination of ΛQCD and,
more generally, to include a theoretical systematic er-
ror [15, 18]. Thus, we believe that the predictions we
are presenting here are based on the current most realis-
tic estimate of the uncertainties on transversity, partic-
ularly for kinematical regions outside the range covered
by SIDIS experimental data. In the following, we will
present results for the choice αs(M
2
Z) = 0.139 [27] and
for the socalled flexible form of hqv1 (x,Q
2
0) [18]. The other
choices behave in a similar way. Moreover, we show our
results as an uncertainty band corresponding to the cen-
tral 68% of all replicas.
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FIG. 2. The asymmetry AUT of Eq. (3) as a function of Mh
with |PT | and negative (forward) η integrated in all experi-
mental bins. The uncertainty band corresponds to the 68%
of all replicas deduced by fitting the (pi+pi−) SIDIS and e+e−
data [18] (see text). Data are taken from Ref. [4] and adjusted
to the conventions of this paper.
In Fig. 2, the transverse spin asymmetry AUT of
Eq. (3) is plotted as function of the invariant mass Mh,
integrating on |PT | and on forward negative η in all ex-
perimental bins, namely for 3 ≤ |PT | ≤ 13 GeV/c and
−1.4 ≤ η ≤ 0. For each experimental Mh bin, the the-
oretical result for AUT is deduced by computing the in-
tegral on Mh over the width of the bin. The experi-
mental data are the result of the 2006 run performed by
the STAR collaboration [4]. For η < 0, we have forward-
propagating transversely polarized particles: the asym-
metry is more sensitive to the contribution at large xb
of valence quarks to transversity and it turns out to be
sizeable, as expected. It displays the typical shape of
the Mh dependence of DiFFs, namely a bump around
the mass of the ρ resonance. The overall agreement be-
tween theoretical predictions and data is remarkable. It
is confirmed also when looking at AUT as function of Mh
at η > 0. It suggests that the transversity h1 and IFF
H^1 could indeed be considered in this first instance as
universal functions occurring in the cross sections for the
various hard processes leading to the inclusive production
of charged pion pairs.
In Fig. 3, the asymmetry is shown as function of η when
integrated on 3 ≤ |PT | ≤ 13 GeV/c and 0.3 ≤ Mh ≤ 1.2
GeV.1 Similarly to the previous figure, for each exper-
imental η point the theoretical result is integrated in
1 The indicated Mh range does not overlap with the STAR exper-
imental bins at the largest Mh [4] because the assumptions be-
hind the parametrization of the Mh dependence of DiFFs are
valid only up to Mh ≈ 1.2 GeV [15].
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FIG. 3. The asymmetry AUT as a function of pseudora-
pidity η, integrated over Mh and |PT |. Forward kinematics
corresponds to negative η. Solid (red) line for replica “6” of
AUT , dashed (blue) line for replica “31”, dot-dashed (red) line
for replica “43”. Further notation and conventions as in the
previous figure.
the corresponding bin. Positive pseudorapidities cor-
respond to backward-propagating transversely polarized
particles: the asymmetry is dominated by the contribu-
tion of transversely polarized partons with low xb, the
transversity is less important, and the resulting asym-
metry is largely suppressed. The agreement with data
is very good even though the theoretical band is very
narrow. This feature is determined by the assumptions
adopted in the analysis of (pi+pi−) SIDIS data: the low-
x behaviour of transversity cannot be fixed yet by the
current fixed-target data, and it is imposed by hand to
grant that the resulting tensor charge is finite [15, 18].
At η < 0, the situation is less satisfactory. As explained
above, the asymmetry here is larger because it is dom-
inated by the valence components of transversity. Nev-
ertheless, the 68% band of computed replicas starts to
deviate from the experimental points.
However, we observe that some of the replicas lying
outside the 68% band are close to the data points in this
kinematical region. In Fig. 3, the solid (red) line refers to
the result of replica “6” for AUT , the dashed (blue) line
to replica “31”, and the dot-dashed (red) line to replica
“43”. All three results very closely reproduce the exper-
imental points. This is remarkable, if we consider that
the curves are predictions. The replicas “6”, “31”, and
“43”, do not belong to the 68% band of replicas that fit
the SIDIS data either. But the corresponding χ2 per de-
gree of freedom in that fit are still reasonably low: 2.04,
1.52, and 2.02, respectively [15]. Moreover, they share a
very peculiar feature, as it will be clear in the following.
In Fig. 4, we show the uncertainty band for the 68%
of all replicas of the valence down transversity xhdv1 as
a function of x at Q2 = 2.4 GeV2, that fit the SIDIS
data for semi-inclusive production of (pi+pi−) pairs on
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FIG. 4. The valence down transversity xhdv1 as a func-
tion of x at Q2 = 2.4 GeV2. The uncertainty band refers to
the 68% of replicas that fit the (pi+pi−) SIDIS data off trans-
versely polarized proton and deuteron targets with the flexible
parametrization and αs(M
2
Z) = 0.139 [18]. Dark (blue) solid
lines with no label for the upper and lower limits of the Soffer
bound. Light (red) solid line for the transversity from replica
“6”, dashed (blue) line for replica “31”, dot-dashed (red) line
for replica “43”.
transversely polarized proton and deuteron targets. The
dark solid lines with no labels represent the upper and
lower limits of the Soffer bound. The plot corresponds
to the darker band with solid borders in the right panel
of Fig. 8 in Ref. [18]. The replicas in the band tend to
saturate the lower limit of the Soffer bound because they
are driven by the COMPASS deuteron data, in particular
by the 7th and 8th bins in Ref. [18]. The light (red) solid
line with label “6” reproduces the transversity from the
corresponding replica. Similarly, the dashed (blue) line
refers to replica “31”, while the dot-dashed (red) line to
replica “43”.
Their trajectories do not follow the trend of the 68%
band at large x. Rather, they deviate towards the up-
per Soffer bound and they saturate it. Hence, at large
x & 0.1 there seems to be a tension between the COMPASS
deuteron data and the STAR data for forward asymme-
tries. However, this tension concerns at most two bins
in x of the SIDIS analysis. It is reasonable to expect
that when more data for semi-inclusive (pi+pi−) produc-
tion will become available (particularly from the analy-
sis of runs 2011 and 2012 for proton-proton collisions at
c.m. energies of
√
500 and
√
200 GeV, respectively, by the
STAR collaboration) and a global fit of SIDIS, e+e−, and
proton-proton collisions will become feasible, the above
two bins in x from the SIDIS deuteron data will become
statistically less relevant and the above tension will most
likely disappear.
In summary, for the first time we have exposed the
predicted connection between the experimental evidence
of transverse-spin azimuthal asymmetries in the distribu-
5tion of (pi+pi−) pairs produced from proton-proton colli-
sions, and the transversity parton distribution that was
extracted from a previous analysis of pion pair produc-
tion in semi-inclusive deep-inelastic scattering. By com-
bining transversity with its chiral-odd partner, the inter-
ference fragmentation function independently extracted
from production of back-to-back pion pairs in electron-
positron annihilations, we have made predictions for
the distribution of (pi+pi−) pairs produced in proton-
proton collisions with one transversely polarized pro-
ton. These calculations can be meaningfully performed
in the collinear framework, where the cross sections for
the above hard processes can be expressed in a factor-
ized form. By comparing our predictions to the recently
released data by the STAR collaboration at RHIC, we de-
duce that there are clear and encouraging hints that the
involved parton densities are universal, although we en-
countered some discrepancies in the case of forward kine-
matics. Further insight into these discrepancies could be
gained by collecting more experimental data. For ex-
ample, it would be important to improve our knowledge
of the gluon contribution to the (pi+pi−) fragmentation,
which is not constrained by the e+e− data. To this aim,
measurements of the unpolarized cross section for the
p+ p→ (pi+pi−) +X process would be very useful. The
published set of data points for the transverse-spin asym-
metry is small and with relatively limited statistics. In
the near future, more data are expected from the STAR
collaboration that will also make it feasible to extract
transversity from a global fit of data from all hard pro-
cesses for the semi-inclusive production of pion pairs.
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